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ABSTRACT
Shifts in Perception of Size
after Adaptation Gratings. II.
June 1977
Francine Sara Frome, B.A., University of Maryland
M.S., University of Massachusetts
Ph . D
. ,
University of Massachusetts
Directed by: Professor William Eichelman
Frome et_ al. (197*0 have shown that after adaptation to
vertical sinusoidal gratings, a rectangle looks wider, re-
gardless of whether an adapting grating bar was smaller
than, larger than, or equal to the size of the test rectan-
gle. The direction of these size after-effects is very dif-
ferent from those found by Blakemore et_ al. (1907) when they
used sinusoidal gratings as both their test and adapting sti-
muli and found shifts in perceived frequency away from the
adapting frequency. Four experiments tested possible rea-
sons for the differences in the direction of these after-
effects. The first experiment examined the possibility that
the differences could be due to the judgments being made.
Experiment 1 compared judgments of size with judgments
of spatial frequency. A short grating of multiple filled
rectangles was used as the test stimulus for size or spatial
frequency judgments, both pre- and post-adaptation to a grat-
ing. When observers judged spatial frequency after adapta-
tion, they all obtained the perceived spatial frequency
Vshift with the short rectangle grating as test stimulus,
just as Blakemore and Sutton did in their demonstration
( 1969 ) using tall gratings. However, when observers made
size judgments by adjusting the height of the bars in the
short grating until all the bars appeared square before and
after adaptation to a vertical sinusoidal grating, the mul-
tiple test rectangles appeared wider after adaptation, re-
gardless of whether the bars in the adapting grating were
smaller than, larger than, or equal to the width of the
squares in the short grating. This is the same resulting
size after-effect obtained by Frome (1974) when she used a
single rectangle as test stimulus. These results showed
striking dissociations between judgments of perceived spa-
tial frequency and judgments of perceived size: adapting to
a slightly lower frequency grating, increased the perceived
frequency shift, while an increase in the perceived width of
the multiple squares was still observed. These results led
to the conclusion that for supra-threshold judgments like
these, "width” and "spatial frequency" are not equivalent.
The possibility that subjects attend only to a single rect-
angle in the short grating during their size judgment was
discussed.
Experiment 2 explored the contribution of apparent duty
cycle to the perception of size or sptail frequency of a
multiple square grating. The effect of adaptation on the
perceived duty cycle of a multiple square grating could have
Vi
accounted for both the size and spatial frequency results of
Experiment 1 if there were differential adaptation effects
on duty cycle across the combinations of adapting and test
S^^-king frequencies that were used. However
,
these results
were not obtained. For nearly all period ratios, after
adaptation to a vertical sinusoid, the rectangles in the
multiple perceived squares grating became perceptually nar-
rower than the spaces. These after-effects were often small
and not significant. Therefore, the effects of adaptation
on apparent duty cycle cannot account for the dissociation
of size and spatial frequency found in Experiment 1.
Experiment 3 explored the possibility that the size
after-effects with square test stimuli were different than
those obtained with sinusoidal stimuli because the effective
stimulus width of the bars of the sinusoidal adapting grat-
ing may have been psychologically smaller than they were
physically since contours of sinusoidal bars are indistinct.
Subjects adjusted the height of a rectangle until it appear-
ed square before and after adaptation to either a sine wave
or a square wave grating. After adaptation to both sine
wave and square wave gratings with vertically oriented bars,
the rectangle appeared wider for all width ratios. Sine
wave and square wave effects were nearly identical. That
square wave adaptation produced identical effects to sine
wave adaptation showed that the sine wave after-effect of
only apparent widening of the single rectangle could not
vii
have been due to the bars having a narrower psychological
than physical width because of their blurry edges
Experiment *J introduced an outline rectangle as a test
target. Subjects adjusted the height of the rectangle be-
fore and after adaptation to a vertical sinusoidal grating,
as with the other test targets; yet this stimulus has a very
different frequency spectrum than the others. After adapta-
tion to a vertical sinusoidal grating, the outline rectangle
always appeared wider, regardless of whether the bars in the
grating were smaller than, larger than, or equal to the rec-
tangle width. These results were essentially the same as
those with a filled rectangle as test stimulus and a simple
neural size channels hypothesis predicts neither result.
Frome et al. ( 197*0 have shown that the size after-effects
obtained with a single filled rectangle can be explained by
the operation of spatial frequency specific channels. Fur-
ther psychophysical measurements or ad hoc assumptions must
be made if the data from the outline rectangle is to be ex-
plained in terms of the distribution of activity in the spa-
tial frequency specific channels. In addition, a new sort
of size model was called for, since similar size ratios of
adapting grating to test stimulus width yield similar re-
sults, regardless of the spectral composition of the test
target
.
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1INTRODUCTION
Until recently the discussion of psychological factors
involved in human perception of spatial dimensions has had
rather limited scope and has lacked general theoretical
structure (Graham, 1966) . In order to be comprehensive such
a. discussion should include: 1) a quantifiable description
of all possible stimuli with a set of physically measurable
variables; 2) a demonstrated underlying neurophysiological
substrate; and 3) a proposed operation of physiological
mechanisms which has predictive value for human perception
(Cornsweet, 1970)
.
A recent approach to the specification of a visual pat-
tern has been to apply a specific kind of linear systems
analysis, Fourier analysis, to the stimulus. Fourier's
theorem states that any waveform (in this case, the spatial
light intensity distribution) can be completely described
as the sum of sinusoidal waves of appropriate frequency,
amplitude and phase. This theorem states that there are two
parallel domains such that specification of a function in
one domain (one domain specified as amplitude versus posi-
tion) completely specifies the corresponding function in the
parallel domain (the parallel domain specified as amplitude
versus frequency) . A sine wave grating (a repetitive pat-
tern of blurry light and dark bars which has a luminance
2distribution that varies sinusoidally) may be considered a
primitive in the Fourier analysis of pattern, since it con-
tains only one frequency, and in only one dimension. The
two parallel descriptions of a sine wave grating may be seen
in Figure 1.
Fourier synthesis is the procedure for finding a wave-
form that is produced when a set of sine waves are added to-
gether. Fourier analysis is the procedure for finding the
particular set of sine waves that must be added in order to
obtain some given waveform. Those resultant sine waves are
called the Fourier components of the given waveform. The
definitions that are necessary to completely describe a
grating may be found in the appendix. Figure 2 illustrates
many of these terms.
In order to use gratings to describe the transmission
of spatial information through the visual system, Campbell
and Robson (1968) presented a particular spatial frequency
grating at a fixed average luminance to an observer, and
adjusted the grating's contrast until the observer reported
just seeing the grating. This is the observer's contrast
threshold for that grating. The reciprocal of the contrast
threshold is the sensitivity of the observer to the grating.
The measure of contrast sensitivity of the human visual
system to sinusoidal gratings as a function of their
spatial
3Figure 1. Two parallel descriptions of a sine wave
grating. The left part of the figure specifies the grating
as amplitude versus position. The right part of the figure
specifies the grating as amplitude versus frequency.
F (X) AMPLITUDE
5Figure 2. Figure 2 illustrates many terms used in the
description of a grating.
6DISTANCE
7frequencies defines the modulation transfer function (MTF)
for an observer. A typical MTF is plotted in Figure 3. A
typical observer might be most sensitive to a grating of
about 4 c/d with less sensitivity to both higher and lower
spatial frequencies. The limit of resolution for the visual
system is typically a grating with bars of 1 minute of arc
width. Thus, a frequency analysis approach has met the
first criterion of a comprehensive theory of perception of
spatial dimensions— it has described the physical stimulus
by showing how effectively any light intensity distribution
passes through the human visual system. But do these phys-
ical parameters have a basis in neurophysiology?
Neurophysiological studies in animals have found indi-
vidual neurons in their visual systems which are selectively
sensitive to the orientation and/or dimensions of retinal
images. Lettvin et al. (1959) recorded from the frog's op-
tic tectum and found neurons which responded rapidly when
small "bug" shapes are moved across its retina. Hubei and
Wiesel (1962, 1965, 1968) identified neurons in the visual
cortex of the cat which are sensitive to the orientation of
targets like bright slits of light, or black-white edges.
Campbell, Cooper, and Entroth-Cugell (1969) also recorded
from single cells in the visual cortex of the cat, but they
used moving grating patterns of variable spatial frequency
8Figure 3. The modulation transfer function (MTF ) for
a typical observer. The MTF is a measure of contrast sen-
sitivity of a human visual system to sinusoidal grating as
a function of their spatial frequency.
9i
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as stimuli. It is clear from their work that a cat's cortex
has cells that respond to the orientation and spatial fre-
quency of grating stimuli, as well as to a single bar or
line. Campbell, Cooper, Robson, and Sachs (1969) have also
shown such neural units in the monkey visual cortex.
The evidence that the human visual system has cells
like these is inferred from psychophysical experiments.
Campbell and Robson (1968) originally proposed the visual
frequency channels hypothesis that the human visual system
contains independent channels which each respond selectively
to a particular limited range of spatial frequencies. This
hypothesis suggests that the pattern of excited frequency
selective neurons constitutes a frequency code of the spa-
tial content of the visual world. If this hypothesis is
correct, then human observations should be differentially
sensitive to the frequency components in a visual stimulus.
Campbell and Robson (1968) showed that the threshold for de-
tection of a square wave grating was predictable from the
threshold of its fundamental Fourier component (which has an
amplitude 1.27 times that of a sine wave grating of the same
fundamental frequency and contrast) . They also found that
the threshold for discriminating a square wave from a sine
wave grating was predicted from the independent threshold of
the third harmonic of the square wave. A system which re
11
sponds to bars on the basis of their size cannot account for
the effects upon the third harmonic observed in Campbell and
Robson's (1968) experiments, whereas the effects are easily
explained if the frequency components are detected independ-
ently.
A basic psychophysical technique in studies testing the
frequency and orientation specific channels hypothesis em-
ploys a sensory adaptation phenomenon. Blakemore and Camp-
bell (1969a) found that prolonged inspection of a grating
increases the contrast threshold for gratings of similar
orientation. Blakemore and Campbell (1969b) also found that
this long grating inspection will also cause a decrease in
the amplitude of the occipital potential evoked by an oscil-
lating grating of nearly the same orientation and spatial
frequency as the adapting grating. These and other findings
suggest that, as in other animals, there are human frequency
and orientation specific neurons and that constant exposure
to a grating decreases the sensitivity of those neural chan-
nels which would normally respond to that stimulus. This
phenomenon of sensory adaptation to gratings is supported
neurophysiologically by the work of Maffei, Fiorentini and
Bisti (1973) . They found when recording from simple cells
of the cat striate cortex that exposure to drifting gratings
of high contrast consequently reduced the response of the
12
cells to low contrast gratings.
Adaptation to a grating will not produce any decrease
of human contrast sensitivity in frequencies more than an
octave away (Pantle & Sekular, 1968; Blakemore & Campbell,
1969) . This result is consistent with the notion that there
are multiple independent channels tuned to different bands
of spatial frequency. The trichromatic theory of color
vision is also a separate channels hypothesis. Each of
three cone pigments is maximally sensitive to a different
wavelength of light and the interactions of the signals from
these channels produce the perception of all color. Graham
and Nachmias (1971) tested the multiple channels hypothesis
as it applies to spatial frequency channels. According to
this hypothesis if two spatial frequencies in a stimulus are
very different, they should be simultaneously processed by
different frequency channels. Therefore, detection thresh-
old should occur when any of the components reaches its own
independent threshold, regardless of the phase relation of
the components. A single channel neural processing model
predicts that the phase relationship of the frequency com-
ponents that yields the largest amplitude should be the most
detectable. The data show that this is not the case, up-
holding the multiple channels model prediction that detect-
ability was not affected by the phase relations of the
13
components. Regardless of the phase relation of the compon-
ent parts
,
detection threshold is predicted by the component
independent frequency threshold. However, a study by
Tolhurst (1972) indicates that above threshold, the frequen-
cy specific channels are not acting independently. If the
fundamental frequency, f^, and third harmonic, 3f, of a supra—
threshold square wave adapting grating were treated inde-
pendently by the visual system, then the threshold elevation
of sine wave frequency (that of the third harmonic in the
square wave adapting grating) should be the same as the
threshold elevation caused by adaptation to a single sine
wave of frequency 3f^ assuming the amplitudes of the single
and component 3_f frequency were equated. Tolhurst (1972)
found this not to be the case, in that the 3f_ frequency
caused less threshold elevation as a component in a complex
grating than the 3_f frequency presented alone. Thus, al-
though the work of Graham and Nachmias (1971) indicates
independent multiple frequency channels at threshold; above
threshold, frequency channels seem to interact.
The studies reported above use detection of pattern as
the criterion response, but what a stimulus looks like is a
different criterion. Although Graham and Nachmias (1971)
found that detection threshold is independent of the phase
relation of component parts, Nachmias and Weber (1975) have
14
shown that well above threshold (4 times), discrimination is
almost unlimited for stimuli with the exact same frequency
components and that differ only in component phase relations.
One may use a different model, a multiple channels hy-
pothesis which assumes size-specific, rather than frequency
specific neurons to make predictions about both detection
and appearance of spatial stimuli. A size specific model is
supported by evidence like that of Bagrash (1973) who found
that adaptation to a luminous disc of a given diameter re-
duces sensitivity to disks of similar diameter much more than
to larger or smaller disks. In contrast to this finding,
Sullivan, Georgeson and Oatley (1972) found that adaptation
to bars raised the threshold for bars of all widths and for
all frequency sine wave gratings. These authors also found
that adaptation to 5.5 c/d raised the thresholds of only
those sine waves near that frequency, but raised the thresh-
old for all bar widths. This result can be explained by the
spatial frequency hypothesis. Since all bars have a contin-
uous multiple frequency spectrum, with some energy in the
most sensitive, but in this case, most adapted part of the
visual system, the detection threshold for all width bars is
raised. The differential effects of adapting to bars and to
sinusoidal gratings led these authors to maintain that for
contrast sensitivity functions the stimulus property "width"
15
is not equivalent to the stimulus property "spatial fre-
quency. "
One must also ask if the stimulus properties of width
and spatial frequency are equivalent with regards to human
perception of size. Blakemore and Sutton (1969) and Blake-
more, Nachmias, and Sutton (1970) have proposed that fre-
quency selective neural channels are the basic units used to
encode the spatial dimensions of suprathreshold stimuli.
These authors have shown that under certain conditions,
adaptation to a grating pattern leads to small shifts in the
frequencies of other gratings. Figure 4 is the Blakemore
and Sutton (1969) demonstration. After adapting for at least
one minute by scanning back and forth between the patterns
on the right, when one fixates between the two parallel equal-
frequency gratings on the left, they no longer appear equal
in frequency. Adapting to the low frequency grating, on the
lower right, makes the grating to its left appear to rise in
frequency, and conversely, for the high frequency adaptation
grating.
Blakemore, Nachmias, and Sutton (1970) quantified these
perceived frequency shifts. In their experiments, the sub-
ject's task was to adjust the frequency of a grating occupy-
ing a retinal area previously exposed to an adapting grating.
Both the demonstration and experiments were clear in their
16
Figure 4. Pattern for demonstration of the perceived
spatial shift. (After Blakemore and Sutton, 1969 . Copy-
right 1969 by the American Association for the Advancement
of Science
.
)
.
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result-adaptation tends to make gratings appear more differ-
ent from the adapting frequency than they really are. Their
explanation is as follows (from Blakemore, Nachmias, & Sut-
ton, 1970, p. 729)
:
When a grating of suprathreshold contrast is
viewed, it activates frequency-selective neurones
in proportion to their sensitivity to the grat-
ing's frequency. Imagine that the brain distin-
guishes, say, the repetition period of a grating
by the identity of the most active frequency-
selective neurone in the visual cortex, or by
some other measure of central tendency derived from
the distribution of activity among the whole pop-
ulation of neurones. Assume that prolonged stimu-
lation reduces the overall sensitivity of a neurone
without altering the characteristic frequency— the
frequency to which it is most sensitive. Conse-
quently, adaptation at one particular spatial
frequency selectively depresses the sensitivity of
neurones whose characteristic frequencies are in
the vicinity of that frequency. Subsequent obser-
vation of a test grating of somewhat different
spatial frequency will produce a distribution of
excitation different from normal. The central
tendency of the distribution will be shifted away
from the adapting frequency, and hence so should
the perceived frequency of the test grating.
Blakemore et al. (1970) stated that the perceived spa-
tial frequency shifts obtained after adaptation were evidence
1. This explanation of an adaptation after-effect by a
shift in the relative output distribution of neural chan-
nels is not specific to spatial frequency channels. In
color channels, an analogous after-effect might occur:
after staring at a red light, a yellow light will appear
slightly greener than previously. The red channel has
had its sensitivity reduced due to adaptation, thereby
making its contribution to the output signal of the color
channels relatively less than previously when a yellow
light is observed.
19
for frequency selective neurons in the human brain which
were "actually involved in the encoding and perception of
the size of simple patterns" (p. 727) . However, these auth-
ors used sine wave gratings as adapting and test stimuli.
Since frequency and period are simply inverses of each other
when sine wave gratings are used as stimuli, frequency and
bar width have a perfect correlation. Therefore, it is pos-
sible to describe their results in terms of width or size,
as well as frequency. When adapting bars are narrower than
the test bars, the test bars appear even wider; when the
adapting bars are wider than the test bars, the test bars
appear even narrower; when adapting and test bars are equal
2
there is no size shift.
The Blakemore et al. (1970) after-effect is equally con-
sistent with size and frequency domain models. This has been
supported by the computer simulation work of MacLeod and
Rosenfeld (1974) . If one uses a multiple size channels hypo-
thesis assuming size-specific rather than frequency-specific
2. Classical figural after-effects (Kohler & Wallach, 1944)
demonstrated that contours of a fixated test pattern are
perceptually changed in the direction away from the
features of the previously fixated inspection pattern.
These data are the same as those obtained by Blakemore
and Sutton (1969), however, different mechanisms for the
after-effects were proposed. The proposed physiological
correlate of figural aftereffects was displacement of
the path of cortical current flow. Unlike proposed fre
quency selective neurons, this mechanism has since been
discounted (Sperry & Miner, 1955).
20
neurons, adaptation should make similar size stimuli appear
more different from the adapting size than they really are,
regardless of the spatial frequency composition of the stim-
uli. Because of the single frequency, one dimensional
nature of the sine wave adapting and test stimuli, the
Blakemore et al
. (1970) after-effect cannot discriminate
between size and spatial frequency models of perception of
spatial dimensions. What is needed, then, is to find the
effects of adapting to a sine wave stimulus on a test stim-
ulus where the correlation between size and spatial frequen-
cy is more complex.
Frome et a^. (1974) asked observers to judge the size
of an object with a continuous, multiple frequency spectrum.
The observers adjusted the height of a rectangle so as to
make the object look square, both before and after adapta-
tion to a sine wave grating. Their results were dramatical-
ly different from those of Blakemore et al. adaptation to a
sine wave grating produced an apparent enlargement of the
size of the rectangles on the dimension orthogonal to the
bars of the grating, whether the grating bar was smaller
than, larger than or equal to the size of the rectangel
width. In other words, after adaptation to a vertical
(horizontal) grating, a square looked squat (skinny)
.
These results are not consistent with a neural size channels
21
hypothesis or with classical figural after-effect data, as
were Blakemore et al . ' s (1970). The following experiments
were designed to test several reasons why we obtained dif-
ferences: the first experiment examined the possibility
that the differences could be due to the judgments being
made
.
22
EXPERIMENT 1
The purpose of Experiment 1 is to compare frequency
judgments with size judgments. The way to compare these
judgments is to find one test stimulus that an observer can
use to make a size or a spatial frequency judgment, both pre-
and post-adaptation to a grating. The chosen test stimulus
is a periodic pattern of multiple filled rectangles, that is,
a very short grating.
Figure 5 is similar to the Blakemore and Sutton (1969)
demonstration, with the short grating as test stimulus. As
the reader may demonstrate for herself, frequency shifts like
those obtained by Blakemore and Sutton (1969) result. That
is, after adaptation, perceived frequency shifts in the short
test grating are obtained to both lower and higher frequen-
cies. Figure 5 demonstrates that a mere change in the
length of the bars in the test grating will not change the
direction of the perceived frequency shift. It is therefore
unlikely that the differences in the results of Blakemore et
al
.
(1970) and Frome et al. (1974) are due to Frome's test
object being shorter.
In Experiment 1 a short grating is used as a test stim-
ulus pre- and post-adaptation to a sine wave grating. In
this experiment, as opposed to the demonstration in Figure
5, size judgments, not spatial frequency judgments are being
23
Figure 5. Pattern for demonstration of the perceived
spatial frequency shift with short grating as test stimulus.
• ' *»£ • *• • j? .Kf&i&A'- »*
-
~
25
made. The direction of perceived frequency shifts is ap-
parent; the direction of perceived size shifts with the same
stimuli is being tested.
Methods
Subjects
There were four undergraduate subjects who made obser-
vations at the University of Massachusetts. Of these four
subjects
,
two (D.R. and J.S.) were naive with respect to the
purpose and expected direction of results of the experiment.
These subjects were paid for their observations. Subjects
D.W. and J.B. were undergraduate research assistants who
were receiving academic credit for participating in the re-
search described in Experiments 1 and 2.
Two subjects made observations in a similar experiment
conducted at the University of Maryland. Subject M.W. was a
paid naive subject, while J.L. was a highly practiced psycho-
physical observer who was a colleague in this experiment.
Seven unpaid naive subjects at the University of Mary-
land each made observations on only 2 conditions.
When necessary, observers wore glasses to bring them to
20:20 vision by the Snellen test.
Apparatus and Procedure
Adapting stimuli were three high contrast (40%) sinusoi-
dal gratings of different spatial frequencies: 3, 4, and
26
6 c/deg
. These were chosen because they are in the region
of maximal sensitivity of the visual system and have shown
large magnitude adaptation effects. These gratings were
used in both horizontal and vertical orientations. Every
adapting grating was used with each test stimulus.
Test stimuli were short square wave gratings of varia-
ble height and fixed spatial frequency— 3, 4, and 6 c/deg.
The observer's task was to adjust the height of the short
grating to make the elements look square (n = 11) .
Each experimental session consisted of the control con-
dition with a homogeneous adapting field, a 10 minute rest
period, and the experimental grating adaptation condition.
The homogeneous field in the control condition was of the
same average luminance as the grating field (135 nits) . The
initial adaptation in both the control and grating adapta-
tion was 5 minutes long. During adaptation, the observer
scanned the field in the direction orthogonal to the bars of
the adapting grating being used. This scanning was an at-
tempt to avoid the formation of an afterimage. After the
initial adaptation there was a judgment of the vertical ex-
tent needed for perceived squareness of the short test grat-
ing. After each judgment (n = 11) there were 15 seconds of
re-adaptation. These adaptation times were chosen to main-
tain adaptation at a maximum level in accordance with the
27
findings of Blakemore and Campbell (1969) . A practice ses-
sion for which no results were analyzed was conducted first
in order to acquaint the observers with the task. Each ob-
server completed only one experimental session per day.
The short square wave test grating was electronically
generated on a cathode ray tube equipped with a P-31 phos-
phor. The equipment was masked so that the screen of the
CRT was seen through a circular aperture cut in a large sur-
round. There were always a minimum of 9 cycles of the
grating on the screen. The observer viewed the test and
adapting gratings binocular.ly while positioned in a chinrest.
The adapting gratings were 35mm slides, projected on a screen
at right angles to the CRT. The adapting field was a six
degree circular field.
None of the naive subjects were shown the modified
Blakemore and Sutton demonstration (Figure 5) until after
the experiment was complete. No subjects had any difficulty
obtaining the perceived frequency shift with the short grat-
ing as tsst object. No quantitative measurements of the
perceived frequency shift with this test object were made,
as the direction of the shift in perceived frequency is ap-
parent.
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Results
Figures 6-11 are graphs of individual subject data, when
®^kjscts were asked to make the bars in a very short grating
square. Figures 6—9 are results obtained at the University
of Massachusetts. Figures 10 and 11 were results obtained
at the University of Maryland. The abscissae in these fig-
ures are the ratio of adapting grating bar width (PA ) to test
rectangle widths (Prp) . Abscissa values less than 1 indicate
that a bar in the adapting grating was smaller than the width
of a bar in the test grating, and an abscissa value greater
than 1 indicates that the adapting grating bar was wider
than the test grating bar. Table 1 indicates the adapting
frequencies and rectangle sizes used to obtain these ratios.
Each ordinate point is the mean of the ratios of the vertical
extent needed for perceived squareness in the experimental
grating adaptation (E) to the mean vertical extent needed
for squareness in the control condition (C)
,
before grating
adaptation. The height judgments are taken as a measure
of perceived width. Ordinate values greater than 1, above
the horizontal axis, indicate apparent widening after adap-
tation; in other words, after adaptation a greater vertical
extent was required for perceived squareness. Ordinate
values less than 1, below the axis, indicate apparent narrow
29
Figure 6. An individual subject’s data from Experi-
ment 1, which had multiple filled squares, that is a short
grating, as test object. The abscissa is the ratio of
adapting bar width (PA ) to test rectangle widths (PT ). Each
ordinate is the mean of the ratios of the vertical extent
needed for perceived squareness in the experimental condi-
tion (E), after grating adaptation, to the mean vertical
extent needed for_squareness in the control condition be-
fore adaptation (C). Standard errors of the mean are plot-
ted for each datum. The left side of the figure illustrates
results obtained when adapting with horizontally oriented
grating bars, and the right side illustrates results when
vertically oriented adapting gratings bars were used. These
same coordinate axes are used for all other data in Experi-
ment 1
,
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Figure 7. An individual subject's data from Experi-
ment 1.
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Figure 8. An individual subject's data from Experi-
ment 1
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ment
Figure 10. An individual subject's data from Experl-
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TABLE 1
Adapting grating, and test rectangle sizes used to obtain
Pa/Pt conditions.
Bar Width Adapting Rectangle
Rectangle Width 5—fT
Grating (P,)
(Bar Width)
Width (PT )
.5
.6
.75
1.0
1.3
1.5
6 c/deg. (5')
6 c/deg. (5')
4 c/deg. (7.5')
3 c/deg. (10')
4 c/deg. (7.5')
6 c/deg. (5')
3 c/deg. ( 10 ')
4 c/deg. (7.5')
3 c/deg. ( 10 ')
10 '
7.5'
10 '
10 '
7.5'
5'
7.5'
5'
2.0 5'
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ing after adaptation; that is after adaptation the rectangle
appeared taller since less vertical extent was needed for
the figure to be perceived as square. The right sides of
these figures illustrate the results obtained when adapting
with vertically oriented grating bars, and the left sides
illustrate results obtained when horizontally oriented
adapting grating bars were used. The bars on each datum in-
dicate one standard error of the mean.
Except for one obvious point in Figure 6 and one in
Figure 7, these results indicate that for nearly all width
ratios less than 2.0, adaptation to a vertical (horizontal)
sine wave grating produced significant widening (narrowing)
of a short grating of multiple-filled squares. Significance
test results are shown in Table 2.
Figure 12 is a nominal graph for six totally naive ob-
servers at the University of Maryland. Each made unpaid
judgments at bar to rectangle ratio 1.5. There were few
significant results with these subjects. Significance test
results are shown in Table 3. For those subjects with a
significant result with one grating there was no significant
result in the opposite direction with the orthogonal grating.
^3
TABLE 2
Multiple filled squares: t tests for the mean of the ratios
(n=ll) of the vertical extent needed for squareness in the
adaptation condition to the mean vertical extent needed for
squareness in the control condition.
.5
.5
.75
1.0
Subject
Orientation
(Horizontal
or Vertical)
E
C
S.E. t Signif-
icance
D.W. H .930 .0191 -3.681 p < . 05
V
.
1.031 .0159 1.893 N.S.
J.B. H .980 .0061 -3.262 p <• 05
V 1.036 .0100 3.600 p <. 05
D.R. H .902 .0103 -9.476 p <.05
H .946 .0122 -4.418 p <.05
V .983 .0138 -1.246 N.S.
M.W. V 1.015 .0146 .993 N.S.
D.W. H .993 .0158 - .424 N.S.
V 1.058 .0108 5.333 p <.05
J.B. H .967 .0081 -4.025 P <• 0 5
V 1.031 .0101 3.030 P <-05
D.R. V .991 .0127 - .724 N.S.
M.W. V 1.033 .0068 4.882 p<. 05
J.L. H .994 .008 - .739 N.S.
M.W. V .996 .0112 - .384
N.S.
D.W. H .958 .009
-4.644 p <• 05
H .968 .020 -1.606 N.S.
H .940 .0155 -3.897 p <.05
TABLE 2 (continued)
Pa Orientation E
P Subject (Horizontal —
or Vertical) c
S.E. t Signif-
icance
1.0 D.W. H
H
H
V
V
J.B. V
H
H
H
H
H
V
V
D.R. H
H
H
V
V
V
J.S. H
V
M.W. H
H
V
V
V
J.L. H
1.3 D.W. H
V
H
V
1.082 .0138 6.167 p <.05
.989 .0150 - .720 N.S.
.992 .0098 - .816 N.S.
1.059 .0120 4.900 p <• 0
5
1.067 .0140 4.757 p <• 0 5
1.060 .0124 4.855 P <.05
.970 .0043 -6.884 p <. 05
.906 .0080 -11.738 p <• 05
1.075 .0181 4.149 p <.05
.974 .0172 -1.506 N.S.
.963 .0077 -4.844 P <-05
.990 .0134 - .784 N.S.
1.065 .0131 4.931 p <. 05
.949 .0098 -5.245 p <.05
.942 .0144 -4.063 p <• 05
.945 .0093 -5.970 P <• 0 5
1.065 .0150 4.300 p <. 0 5
1.004 .0142 .268 N.S.
1.043 .0165 2.576 p <.05
.968 .0256 -1.258 N.S.
1.023 .0338 .669 N.S.
.984 .0199 -1.047 N.S.
.963 .0153 -2.405 p <. 05
1.132 .0149 8.873 P <-05
1.023 .0133 1.729 N.S.
1.009 .0146 .644 N.S.
.989 .0041 -2.488 P <- 05
.978 .0105 -2.105 N.S.
1.019 . 0128 1.492 N.S.
.997 .0095 - .242 N.S.
1.014 .0092 1.544 N.S.
TABLE 2 (continued)
pA
PT
1.3
1.5
Subject
Orientation
(Horizontal
or Vertical)
E
C S.E. t Signif-icance
D.R. H .912 .0155 -5.658 p<.05
V .998 .0133 - .165 N.S.
M.W. H .973 .0110 -2.482 P <.05
V 1.003 .0119 .210 N.S.
J.L. V 1.007 .0080 .813 N.S.
D.W. H .947 .0135 -3.948 P <• 05
H .902 .0133 -7.368 p <. 05
H .961 .0179 -2.220 p <• 05
V 1.019 .0138 1.406 N.S.
V 1.110 .0148 7.446 p <.05
V 1.131 .0141 9.319 p <. 0 5
J.B. H .949 .0160 -3.168 p <.05
H .967 .0100 -3.300 p <. 05
V 1.060 .0210 2.870 p <. 05
V 1.073 .0093 7.871 p <. 05
D.R. H .921 .0292 -2.712 p <.05
H .942 .0166 -3.494 p <• 05
H .928 .0199 -3.623 p <. 05
V 1.096 .0319 2.994 P <-05
V 1.039 .0211 1.825 N.S.
V 1.062 .0218 2.821 p < . 05
J.S
.
H .973 .0238 -1.143 N.S.
V 1.417 .0337 12.365 p <. 05
M.W. H .972 .0103 -2.718 p <.
05
H .987 .0126 -1.008 p <-05
H .989 .0077 -1.389 N.S.
V 1.120 .0133 9.030 p <. 05
V 1.012 .0107 1.084 N.S.
V 1.015 .0131 1.130 N.S.
V 1.032 .0156 2.019 N.S.
V 1.014 .0196 .694 N.S.
TABLE 2 (continued)
Orientation E
Subject (Horizontal S.E. t Signif-
or Vertical) L icance
J.L. H .980 .0050 -3.920 p <.05
H .977 .0116 -1.966 N.S.
V 1.021 .0143 1.469 N.S.
V 1.013 .0116 1.112 N.S.
V .998 .0092 - .272 N.S.
D.W. H 1.016 .0157 1.000 N.S.
H .982 .0180 -1.050 N.S.
J.B. H .977 .0130 -1.777 N.S.
V .991 .0092 - .967 N.S.
D.R. H .966 .0227 -1.502 N.S.
V .997 .0235 - .145 N.S.
M.W. V .969 .0201 -1.562 N.S.
Figure 12. Seven naive subjects’ data for
ratio of 1.5 in Experiment 1.
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TABLE 3
Multiple filled Squares, naive University of Maryland Sub-
jects: t tests for the mean of the ratios (n=ll) of the
vertical extent needed for squareness in the adaptation
condition to the mean vertical extent needed for squareness
in the control condition.
PA
Subject
Orientation
(Horizontal
or Vertical)
E
C
S.E. t Signif-
icance
PT
1.5 P.M. H .994 .0095 - .674 N.S.
V .999 .0165 - .061 N.S.
T.M. H .989 .0054 -2.130 N.S.
V 1.000 .0082 - .061 N.S.
P.H. H .986 .0151 - .947 N.S.
V .964 .0150 -2.373 p < . 05
V .973 .0110 -2.491 p < .05
S.P. H 1.011 .0120 .908 N.S.
V .985 .0143 -1.049 N.S.
V 1.008 .0068 1.471 N.S.
D.L. H .899 .0139 -7.245 p <.05
V 1.013 .0146 .897 N.S.
M.H. H 1.007 .0095 .695 N.S.
V 1.033 .0407 .813 N.S.
V 1.076 .0191 3.963 p <. 05
D.W. V .988 .0126 - .909 N.S.
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Discussion
In general the multiple test rectangles appeared wider
(narrower) after adaptation, regardless of whether the bars
in the vertical (horizontal) adapting grating are smaller
than, equal to, or larger than the bars in the short test
grating. The size after-effect results obtained using a
short multiple square grating as test stimulus are different
from those obtained by Blakemore et a_l. (1970) using "tall"
gratings. Figure 13 is their results plotted on the same
axes as the results of the size after-effect with the short
grating test stimulus. Since they only used adaptation to
vertical gratings to obtain these results, this curve is
only comparable to the right half of Figures 6-11. Note the
dip in the right part of Figure 13. This portion of the
curve indicates that after adapting to a grating with wider
bars than the test grating bars, the test grating is judged
to be higher in spatial frequency than previously. The
corresponding size ratios of 1. 0-2.0 in Figures 6-11 illus-
trate size judgments of a grating, show no such dip. I must
therefore conclude, as Sullivan, Georgeson, and Oatley (1972)
did for threshold judgments, that "width" is not equivalent
to "spatial frequency."
In this experiment, the same test stimuli produced
51
Figure 13. Quantitative results of Blakemore et_ al.
(1970) obtained with vertical sine wave gratings as botfh
adapting and test stimuli which have been replotted on the
same coordinate axes as the data in the present experi-
ments.
oz\
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different functions for different tasks. Carpenter and
Ganz (1972) had similar findings when the same test stimuli
produced different masking functions for a detection and a
vernier acuity task. They proposed an attentional mechanism
such that the output of spatial frequency analyzers are
weighted differentially, depending on the task:
This model could also provide a parsimonious explan-
ation of the data in this experiment. Both a single filled
rectangle (Frome, 1975) and a short grating (multiple filled
rectangles) appeared wider whether a bar in the sinusoidal
adapting grating was smaller than, equal to, or larger than
the filled rectangle (s) width. It is possible that in the
multiple rectangle condition, the visual system attends
only to a single rectangle, and thus the size after-effect
is the same as that for the single rectangle condition. If
Carpenter and Ganz's (1972) model of weighted spatial fre-
quency analyzers as the mechanism for attention were correct,
then for the visual system to attend to only one of the bars
in the multiple rectangle condition, the frequency spectrum
of the multiple rectangle stimulus must be weighted in a
very specific way. According to their model, attention to
a single bar the multiple bar grating would mean weighting
the output of the frequency channels in such a way that they
would produce an output more like the distribution of
54
activity produced by an unweighted single bar. Figure 14
shows the frequency spectra of these stimuli. As can be
seen, if a periodic stimulus is not extended infinitely
(the spectrum of the grating assumes infinite repetition)
,
the spectral lines are smeared, as in the case of a single
rectangle. In order to produce an output which resembles
the activity produced by a single rectangle by weighting
the activity normally produced by the multiple rectangle
grating, those frequency selective channels which are not
maximally stimulated by the spectral lines of the grating
must be weighted relatively more in the final size judgment.
This would produce a weighted output function resembling
the sin x/x spectral distribution of a single bar.
In other words, if a subject is attending to a single
bar in the grating because that is where the salient visual
dimensions for judging size lie, a weighting function model
like that proposed by Carpenter and Ganz (1972) provides a
plausible mechanism for this process. However, there is
little direct evidence that the attentional mechanisms just
described actually occur in the visual system.
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Figure 14. The one-dimensional spectral distributions
of a single filled square and of multiple filled squares.
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EXPERIMENT 2
Experiment 2 explores the contribution of a factor
which might have influenced the perception of size or
spatial frequency of a multiple square grating. Adaptation
to a sine wave grating may cause the perceived duty cycle
(light to dark bar width ratio) of the test grating to
change. For example, it may be that after adaptation to a
grating, the light rectangles tend to fill in the dark
spaces. This might account for the paradoxical "judgment"
of wider size, but higher spatial frequency; however, at the
same time, not also account for perceptions of both wider
sizes and lower spatial frequencies. In other words, if the
effect of adaptation on the perceived duty cycle of a mul-
tiple square grating were to account for both the size and
spatial frequency judgments, there must be differential
adaptation effects on duty cycle across the combinations of
adapting grating and test grating frequencies. Specifically,
there would have to be little or constant effect of adapta-
tion on perceived duty cycle where adaptation produces
judgments of wider size and lower spatial frequency (that
is, at adapting period to test period ratios less than 1) .
In addition, adaptation must cause the light rectangles to
fill in the dark spaces at adapting period to test period
ratios from a little less than 1 to almost a ratio of 2,
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that is at those conditions where the directions of the
Blakemore et al. (1970) and Frome et al. (1974) effects
diverge.
This experiment, therefore, tests the possibility that
adaptation to a sine wave grating may cuase the perceived
duty cycle of the test grating to change. At the same time,
this experiment tests the possibility that adaptation ef-
fects on the perceived duty cycle of a multiple square
9rating would account for both the judgments of size and
spatial frequency.
Methods
Subjects
There were three undergraduate subjects who made ob-
servations at the University of Massachusetts. One sub-
ject, G. K.
,
was naive with respect to the purpose and
expected direction of results of the experiment. He was
paid for his observations. Subjects D. W. and J. B. were
undergraduate research assistants who were receiving
academic credit for participating in the research described
in Experiments 1 and 2.
Apparatus and Procedure
The apparatus and general procedures described in
Experiment 1 were also used in this experiment. The spe-
cific procedures necessary for this experiment a'-e as
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follows
.
Observers were asked to set the elements of the short
50% duty cycle grating so that they look square, using the
same procedure as in Experiment 1. The height of the rec-
tangles was then fixed to the computed mean of these judg-
ments. Observers were then asked to set the squares to an
apparent 50% duty cycle (n=ll) . Following these judgments,
observers adapted to a vertical sinusoidal grating and then
set the perceived multiple square pattern to 50% duty cycle
again (n=ll) . Through this procedure, any effect in the
perceived size change of the multiple square pattern after
adaptation that is due to an apparent change in duty cycle
may be obtained.
Results
Figures 15-17 are individual subject data when sub-
jects were asked to set a perceived multiple square grating
to 50% duty cycle both before and after adaptation to a
vertical sine wave grating. The abscissae in these figures
are the ratio of adapting grating period to short test
grating period. Abscissa values less than 1 indicate that
the period of the adapting grating was smaller than the
period of the test grating. Abscissa values greater than
1 indicate that the period of the adapting grating was
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Figure 15 . An individual subject’s data from Experi-
ment 2. Subjects set a perceived multiple square grating
to 50 % duty cycle (equal bar and space width) both before
and after adaptation to a vertical sine wave grating. The
abscissa is the ratio of adapting grating period (P A ) to
short test grating period (PT ). Each ordinate is the mean
of the ratios of the horizontal extent of the dim spaces
needed for perceived 50 % duty cycle of the perceived multi-
ple square grating in the experimental condition (E)
,
after
grating adaptation, to the mean horizontal extent of the dim
spaces needed for perceived 50 % duty cycle in the control
condition before adaptation (C). Standard errors of the
mean are plotted for each datum. These same coordinate axes
are used for all other data in Experiment 2, Figures 16 and
17.
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Figure 16.. An individual subject's data from Experi-
ment 2.
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Figure 17. An individual subject's data from Experi-
ment 2
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larger than that of the short test grating. Each ordinate
point is the mean of the ratios of the horizontal extent of
the dim spaces needed for perceived 50% duty cycle of the
perceived multiple square test grating after adaptation to
the mean horizontal extent of the dim spaces needed for the
same criterion (equal bar and space width) before sine wave
adaptation. The bars on each datum indicate one standard
error of the mean. The use of these coordinate ratio
measures allows easy comparison to the results from Experi-
ment 1, in that ordinate values greater than 1 indicate
perceived widening of the bright squares after adaptation,
while ordinate values less than 1 indicate perceived narrow-
ing of the bright squares after adaptation. This point is
illustrated and explained in Figure 18.
As can be seen in Figures 15-17, for nearly all period
ratios, after adaptation to a vertical sinusoid, the bright
bars in a short grating (multiple perceived squares) become
perceptually narrower than the dim spaces. The signifi-
cance test results are shown in Table 4. As both the
figures and t-tests show, the aftereffects from this experi-
ment were often small and not significant. However, in no
case was the effect of adaptation to cause the bright
squares to fill in some of the dim space.
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Figure 18 . An illustration and explanation of sub-
ject’s setting and perception of a 50% duty cycle grating
before and after adaptation to a vertical grating.
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Physically 50% cycle grating:
BEFORE ADAPTATION:
Ss setting:
The physically smaller horizontal extent of the bright bars is
perceived as equal to the extent of the wider spaces. There-
fore, a physically measured 50% duty cycle grating would ap-
pear to have wider bright bars than dark spaces.
Ss psychological perception of a physically 50% duty cycle
grating:
AFTER ADAPTATION:
If adaptation causes perceived’ narrowing of the bright bars:
S's setting:
The physically larger horizontal extent of the bright bars
is perceived as equal to the extent of the narrower spaces.
Therefore, the bright bars of a 50% duty cycle grating would
then be perceptually narrower than the dim spaces.
Ss psychological perception of a physically 50% duty cycle
grating would then be:
Outline rectangles represent bright bars. The physical di-
mensions are exaggerated for purposes of explanation.
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TABLE 4
Perceived multiple squares duty cycle: t tests for the mean
of the ratios (n=ll) of the horizontal extent of the dim
spaces needed for perceived 50% duty cycle in the adaptation
condition to the mean horizontal extent of the dim spaces
needed for perceived 50% duty cycle in the control condition.*
Pa
PT
Subject
E
C S.E. t Significance
.5 D.W. .988 .0059 -2.102 N.S.
J.B. .983 .0062 -2.742 p <.05
G.K. 1.001 .0034 .294 N.S.
.6 D.W. .952 .0083 -5.819 p <.05
J.B. .982 .0069 -2.580 p <.05
G.K. .988 .0041 -2.829 p <.05
.75 J.B. .993 .0037 -1.946 N.S.
1.0 D.W. .976 .0045 -5.289 P <.05
J.B. .995 .0057 - .947 N.S.
G.K. .984 .0030 -5.000 p <. 05
1.3 J.B. 1.002 .0068 .2790
N.S.
G.K. 1.005 .0025 1.880 N.S.
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TABLE 4 (continued)
Pa
pt Subject
E
C S.E. t Significance
1.5 D.W. .996 .0054 - .667 N.S.
J.B. .990 .0062 -1. 661 N.S.
G.K. .979 .0050 -4.140 P <-05
2.0 J.B. .997 .0040 - .700 N.S.
G.K. .992 . 0039 -2.077 N.S.
* All adapting grating orientations were vertical.
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Discussion
Prior tc this experiment, it was thought that effects
of adaptation on the apparent duty cycle of a multiple
square grating might provide a sensory level explanation of
the paradoxical effect found in Experiment 1, that adapta-
tion to a lower frequency leads observers to judge a test
grating to be higher in spatial frequency but wider in size.
This would require differential effects from adaptation on
apparent duty cycle across the combinations of adapting and
test frequencies such that adaptation to a frequency that
is equal to or lower than the frequency of the test grating
would decrease the apparent amount of space between squares.
The findings of this experiment do not meet these require-
ments and cannot provide such a sensory level explanation
since adaptation to a lower frequency grating seems to make
some small increases in the apparent amount of space
between squares.
The findings of this experiment merely strengthen the
paradox established in Experiment 1: adaptation which de-
creases the apparent width of bright bars per cycle, also
yields judgments of higher spatial frequency , and can also
give rise to perceptions of wider size. One could adjust
the findings of Experiment 1 to eliminate the adaptation
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effects on perceived duty cycle. Since duty cycle adapta-
tion effects are in the direction of narrowing, adjustment
for this would slightly increase the apparent widening ef-
fects found in Experiment 1.
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EXPERIMENT 3
Experiment 3 controls for the possibility that the ef-
fective psychological width of a bar in the sine wave adapt-
ing grating was so much smaller than its physical (1/2
period) width, that in fact, the obtained results of no
perceived narrowing may be due to a displacement of size of
the filled test rectangles away from the smaller psycho-
logical width of the sine wave bar size. One reason that
the effective stimulus width of the bars of the adapting
grating may have been psychologically smaller than they
were physically is that the contours in the adapting stimu-
lus were not distinct, since they had a sinusoidal luminance
distribution. In Experiment 3, the comparison of square
wave gratings to sine wave gratings as adapting stimuli
control for this possibility, since a square wave bar can
have the same physical width as a sine wave bar but will
have distince contours.
A square wave has a very different frequency spectrum
than a sine wave. However, precautions have been taken to
minimize these differences so that the difference in
contour between the sine and square wave is the major
variable allowed to effect the results. In general, a
square wave of the same fundamental frequency , has a
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fundamental of greater amplitude and in addition has all
the odd harmonics, with amplitudes reciprocal to the number
of their harmonic. In this experiment the amplitudes of the
fundamentals of the same frequency sine and square wave have
been matched as nearly as possible. Figure 19 shows the
frequency spectrum of a 7.5 min filled rectangle, described
by the function sin x/x. The open arrows indicate the
fundamental frequencies of the adapting gratings that were
used. The filled arrows indicate the frequencies of the
third harmonics of the square waves that were used. The
combination of the increasing decrement of amplitude in the
sine function and the smaller amplitude of the third harmon-
ics at higher frequencies will work together to reduce the
effectiveness of the component third harmonic adaptation in
the square waves.
Adaptation with the fundamental sinusoidal gratings
shown in Figure 19 should replicate Frome et al.'s (1974)
original finding that although a single bar in these grat-
ings are larger than, equal to, or smaller than the rec-
tangle width, apparent widening should always result. If
this result is due to the fact that sine wave bars have a
narrower psychological than physical width because of their
contour, then results from adaptation to square wave grat-
ings should be very different. If results from adaptation
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Figure 19- The one-dimensional spectral distribution
of a 7.5 min arc filled rectangle. The frequency spectrum
may be described by the function sin x/x
.
The open arrows
indicate the fundamental frequencies of the adapting grat-
ings that were used in Experiment 3- The filled arrows in-
dicate the frequencies of the third harmonics of the square
waves that were used.
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to a square wave were consistent with a simple neural size
channels hypothesis which predicts shifts in apparent size
away from the adapting size, then the results from adapting
to a square wave with vertical bars should look like those
obtained by Blakemore et al
. (1970), illustrated in Figure 13.
Methods
Subjects
There were four undergraduate subjects who made obser-
vations at the University of Massachusetts. All subjects
were paid and were naive with respect to the purpose and
expected direction of results.
Apparatus and Procedure
The apparatus and general procedures described in
Experiment 1 were also used in this experiment. The spe-
cific difference was that only one bar in the generated
square wave test object was visible to the subject. The
observer's task was to adjust the vertical dimension of
that rectangle so as to make the figure look square (n=ll) ,
before and after adaptation to a vertical grating. Two
subjects were adapted to a sine wave at a particular size
ratio two days prior to their next adaptation, which was
to a square wave, until all conditions were complete. The
other two subjects were run in the square wave adaptation
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condition first, followed by sine wave exposure on differ
ent days.
Results
Figures 20-23 are individual subject data obtained
with adaptation to both sine and square wave gratings as
described above. The abscissae and ordinates in these
figures are the same as in Experiment 1. The bars on each
datum indicate one standard error of the mean. The sub-
jects in Figures 20 and 21 were adapted to a sine wave at
a particular size ratio two days prior to their next adap-
tation, which was to a square wave. Figures 22 and 23 are
data similarly obtained, except they were run in the square
wave adaptation condition first, followed by sine wave ex-
posure on different days. There are no obvious differences
due to this running order. Figure 24 shows the average for
all observers' data, with the standard error of the mean
between subjects indicated for each data point.
As Figures 20-24 show, after adaptation to both sine
wave and square wave gratings with vertically oriented bars,
the rectangle appeared wider for all width ratios. The
amplitude of the after-effect seems nearly equal at all
width ratios. Significance test results are shown in
Table 5. Sine wave and square wave adaptation effects are
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Figure 20. An individual subject’s data from Experi-
ment 3, which compares results from vertical square wave and
sine wave adapting gratings. Standard errors of the mean
are plotted for each datum. The coordinate axes used for
all data in Experiment 3, Figures 20-24, are the same as
those used in Experiment 1.
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Figure 21. An individual subject’s data from Experi-
ment 3 •
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Figure 22. An individual subject’s data from Experi-
ment 3 .
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Figure 23. An individual subject's data from Experi-
3.
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Figure 24. The average of all subjects’ data from
Experiment 3, with the standard error of the mean between
subjects indicated for each datum.
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TABLE 5
Sine wave versus square wave adaptation: t tests for the
mean of the ratios (n=ll) of the vertical extent needed for
squareness in the adaptation condition to the mean vertical
extent needed for squareness in the control condition.*
PA Square or _E_ Signif-
Prp Subject Sine Wave q S.E. t icance
D.A. Square
Sine
1.033
1.017
.0129
.0127
2.527
1.339
p <.05
N.S.
S.K. Square
Sine
1.013
1.033
.0134
.0107
.970
3.037
N.S.
p <.05
N.S. Square
Sine
1.075
1.092
.0205
.0192
3.663
4.797
p <.05
P <• 05
T.B. Square
Sine
1.082
1.076
.0115
.0060
7.087
12.683
P <.05
P <• 05
Mean Square
Sine
1.076
1.054
.0160
.0177
3.188
3.073
P <• 05
p <.05
D.A. Square
Sine
1.020
1.047
.0215
.0126
.916
3.722
N.S.
p <.05
S.K. Square
Sine
1.031
1.031
.0155
.0245
2.026
1.249
N.S.
N.S.
N.S. Square
Sine
1.121
1.049
.0190
.0137
6.369
3.540
p <• 05
P <-05
T.B. Square
Sine
1.037
1.111
. 0240
.0224
1.550
4.964
N.S.
P <-05
Mean Square
Sine
1.052
1.059
.0228
.0177
2.281
3.333
p <.05
P <-05
S.K. Square
Sine
1.017
1.115
.0169
.0198
1.174
5.788
N.S.
p <• 05
TABLE 5 (continued)
Pa
PT Subject
Square or
Sine Wave
E
C S.E. t
Signif-
icance
1.3 N.S. Square
Sine
1.086
1.032
. 0161
.0157
5.366
2.026
p <.05
N.S.
T.B. Square
Sine
1.052
1.034
.0217
.0307
2.406
1.098
p <. 05
N.S.
Mean Square
Sine
1.066
1.045
.0108
.0089
6.148
5.056
p <.05
P <.05
1.5 D. A. Square
Sine
1.025
1.077
.0178
.0318
1.405
2.421
N.S.
p <• 05
* All adapting grating orientations were vertical
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nearly identical.
Discussion
Neither adaptation to sine waves or square waves pro-
duces perceived narrowing in a single filled rectangle for
larger period adapting stimuli, as a simple neural size
channels hypothesis would predict. That square wave adap-
tation produces identical effects to sine wave adaptation
implies that the sine wave after-effect of only apparent
widening could not be due to a narrower psychological than
physical width of the bars because of their blurry edges.
Since size repulsion after-effects do not seem to be
occurring, it would be possible to use a square wave adapt-
ing stimulus to examine the consistency of these findings
with a frequency analysis model. In Experiment 3, the
effective amplitudes of the third harmonics in the square
waves were small. One could try and maximize the effect
of the third harmonic of the square wave so as to match the
frequency and contrast of a sine wave grating to which
results are compared. If adaptation is truly frequency
specific and it is this frequency specificity which pro-
duces the size after-effects, one would expect adaptation
to a square wave grating to produce perceived size shifts
to its large amplitude harmonics as well. Blakemore et
al.
92
(1970) have shown frequency shifts of target gratings at the
3
third harmonic frequencies of adapting square wave gratings.
It would be of interest then to see if the same size shifts
would occur at the ratio of the third harmonic, 1/2 period
to rectangle width, as occurred for a single sine wave 1/2
period to rectangle width.
3. Contrary to Blakemore and Campbell (1969), Nachmias,
Sansbury, Vassilev, and Weber (1973) failed to find
consistent evidence that the third harmonic in a square
wave grating does any adapting at all to detection
thresholds of sinusoidal test gratings whose frequency
is in the vicinity of the third harmonic in the square
wave. However, their failure to replicate the third
harmonic effect may be due to procedural differences.
These procedural differences are discussed in their
paper.
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EXPERIMENT 4
Experiment 4 introduces a new test target, an outline
square. Previous test targets, a single filled square, and
a short grating (a periodic pattern of multiple filled
squares) have different frequency spectra, yet produce the
same size after-effects. Although the spectra differ, they
are similar in important ways: for a given width rectangle
in these patterns, the spectral maxima and minima coincide,
only the spread of the spectral lines differ (see Figure 14).
As discussed above, an attentional mechanism would be a par-
simonious explanation of the similarities of size after-
effects for these different test targets. By using an out-
line square as a test target, subjects can use the same
task as with the previous test targets; yet this stimulus
has a very different frequency spectrum than the other test
targets, as can be seen in Figure 25. By using the result-
ant size after-effects after adaptation, one can begin to
weave hypotheses about assumptions which must be made for
either size and/or frequency specific models.
Methods
Subjects
There were four subjects who made observations at the
University of Maryland. Three subjects, M.W. , T.M., and
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Figure 25. The one-dimensional spectral distributions
of 5’ and 10* wide test stimuli: a single filled square,
multiple filled squares, and an outline square. As the
legend shows, arrows indicate different ratios, of adapting
grating bar width to square width.
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. / were paid and were naive with respect to the purposes
and expected direction of results. Subject J.Z.L. was a
highly practiced psychophysical observer who was a colleague
in this experiment.
Apparatus and Procedure
The apparatus and general procedures described in
Experiment 1 were also used in this experiment. The
specific difference was that a single outline rectangle
was electronically generated on the cathode ray tube as the
test stimulus. The observer's task was to adjust the ver-
tical dimension of the outline rectangle before and after
adaptation to a vertical sinusoidal grating (n=ll)
.
Results
Figures 26-29 show individual subject data when obser-
vers were asked to adjust the height of an outline rectangle
so it appears square, both before and after adaptation to a
vertical sine wave grating. The abscissae and ordinantes
in these figures are the same as those used for Experiments
1 and 3. Figure 30 is the average of the subjects' results
with between subjects standard error indicated.
These data indicate that after adaptation to a verti-
cal grating, both a filled square and an outline square
These data resemble the filled square data.look squat.
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Figure 26. An individual subject’s data from Experi-
ment 4, which uses an outline square as test object before
and after adaptation to a vertical sine wave grating.
Standard errors of the mean are plotted for each datum.
The coordinate axes used for all data in Experiment 4,
Figures 26-30, are the same as those used in Experiments
1 and 3-
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Figure 27. An individual subject's data from Experi-
4.
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Figure 28. An individual subject’s data from Experi-
ment 4
.
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Figure 29. An individual subject's data from Experi-
ment 4 .
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Figure 30. The average of all subject’s data in Ex-
periment 4, with the standard error of the mean between sub-
jects indicated for each datum.
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TABLE 6
Outline Square: t tests for the mean of the ratios (n=ll) of
the vertical extent needed for squareness in the adaptation
condition to the mean vertical extent needed for squareness
in the control condition.*
E
Subject — S.E. t
.
Significance
.5 M.W. 1.057 .0112 5.080 P <• 05
T.M. 1.015 .0066 2.303 P <-05
P.M. 1.029 .0080 3.575 P <-05
J.Z.L. 1.019 .0085 2.282 p < . 05
.6 M.W. 1.028 .0094 2.840 p <. 05
T.M. 1.042 .0086 4.895 p<. 05
J.Z.L. 1.010 .0042 2.357 p < . 05
1.0 M.W. 1.029
1.036
1.041
.
0058
.0111
.0114
4.966
3.198
3.605
p<. 05
p <. 05
p <• 05
T.M. 1.045
1.032
1.052
.0055
.0091
.0133
8.164
3.473
3.910
P <.05
P <• 05
p < . 05
P.M. 1.050 .0121 4.149 p <. 05
J.Z.L. 1.028
1.025
.0067
.0084
4.209
3.000
p<. 05
p <. 05
1.3 M.W. 1.001 .0141
.078 N.S.
108
TABLE 6 (continued)
PA E
PT
Subject
C
S.E. t Significance
1.3 T.M. 1.039
.987
.0062
.0068
6.258
-1.912
p <. 05
N.S.
J • Z • L • 1.017
1.033
.0084
.0094
2.056
3.553
N.S.
P<. 05
1.5 M.W. 1.027 .0148 1.845 N.S.
T.M. 1.040 .0085 4.694 p <C. 05
J • Z . L • 1.042 .0080 5.300 p <• 0 5
2.0 M.W. .995 .0086 - .535 N.S.
T.M. .998 .0127 - .142 N.S.
P.M. 1.019 .0142 1.331 N.S.
J . Z • L
.
1.008
.995
.0091
.0100
.912
- .490
N.S.
N.S.
2.67 M.W. 1.011 .0080 1.338 N.S.
T.M. 1.009 .0117 .735 N.S.
P.M. 1.061 .0154 3.961 p<- 05
J . Z . L
.
.989
.997
.0146
.0132
- .788
.182
N.S.
N.S.
* All adapting grating orientations were vertical
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shown in Figure 31, rather closely, with the exception that
it was easier to obtain data for smaller test rectangles
(adapting with a 3 c/d grating and testing with a 3.75 min
arc rectangle) .
Discussion
The perceived size shifts that were obtained after
adaptation to a grating with the three test stimuli shown
in Figure 25 are strikingly similar. Although the frequen-
cy spectra of these stimuli are very different, all test
rectangle widths still gave perceived widening whether a
bar of a vertical grating was smaller than, equal to, or
larger than its width.
The direction of size after-effect results for the
sinusoidal grating that Blakemore et al. (1970) used and
the test stimuli used in these experiments, is very differ-
ent. By extension of the size encoding model proposed by
those authors, it may be possible to understand the results
for solid and outline squares in terms of the frequency
spectra of these patterns. Blakemore et al. (1970) propose
that after adaptation, stimulus size is coded by the mean
(or some other measure of central tendency) of the distri-
bution of activity in frequency selective neural channels.
The shift in central tendency of the neural output distri-
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Figure 31. The average of all subjects' data when a
single filled square was used as test object before and
after adaptation to a vertical sinusoidal grating (After
Frome et_ aA
. ,
197*0. The standard error of the mean be-
tween iubjects is indicated for each datum. The data have
been plotted on the same coordinate axes as the data in the
present experiments.
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bution due to adaptation presents a more complicated situa-
tion in the interpretation of this data than in Blakemore
et al^. 's because of the multiple frequency distribution in
our stimuli. At some ratios of grating bar to rectangle
width there was no apparent widening after adaptation.
Note especially the abscissa ratio 2.0 in Figures 30 and 31.
Assuming Blakemore et al. ' s size encoding model there can
be two reasons for this:
1) the grating has not adapted the visual system, or
2) this is the psychological mean of the frequency
distribution, since the reduction in sensitivity
of the channel responding to the adapting frequen-
cy leaves the perceived size of the square unaf-
fected.
Only the second reason can be the case if the data is ex-
amined. For both a filled and outline rectangle, there is
no size shift at ratio 2.0, which is obtained after adapt-
ing to a 3 c/deg grating and then looking at a 5 min arc
square. This trend away from increased perceived size
cannot be due to failure of adaptation at 3 c/deg because
the same adapting grating frequency when used with a 10 min
arc square is a size ratio of 1.0 which yields large shifts
in the increasing direction. Therefore, given Blakemore
et al.'s model, the size ratios for 2.0 are equivalent
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psychologically, although as can be seen in Figure 25 the
adapting frequency will be effective on different frequency-
amplitude distributions. The differences in the frequency
distributions of an outline and filled square may be de-
scribed as follows: The outline square has relatively less
low-frequency energy. Much of the higher frequency energy
that would be affected by the adaptations in these experi-
ments, appears in phase opposition to the low frequencies.
Also an outline rectangle has descrete top and bottom bars,
which probably play a role in the perception of the rec-
tangle's width. All these factors have not yet been as-
sessed psychophysically
,
although they may be with the
proper experimental manipulations. If one is to extend
Blakemore et <al . ' s (1970) model of size encoding to other
than grating patterns, the data from these experiments must
be accounted for. Yet if one is to model such data without
further psychophysical assessments, one must introduce ad
hoc assumptions, such as an assumption about the effect of
adaptation on the negative lobe of the outline square s
cosine frequency spectrum.
An alternative hypothesis one could weave about these
results is in terms of a size model. Since similar size
ratios of adapting grating to test stimulus width yield
similar results, regardless of the spectral composition of
114
the test target, it seems that an explanation of these data
in terms of size as a primitive rather than spatial frequen-
cy would be more parsimonious. However, a simple neural
size channels hypothesis, which would predict size shifts
away from the adapting size would not explain the data of
the present experiments. It would be of interest to in-
vestigate the size after-effects on the test targets in
these experiments after adapting to a single bar. Although
Sullivan, Georgeson, and Oatley (1972) found no width
specific adaptation from bars at detection threshold, size
judgments may yield different results. If adaptation to
single bars of the same size ratios as those contained in
the gratings used in the present experiment yielded curves
similar to those in Experiments 1, 3, and 4, then one might
interpret the present results as being obtained from adap-
tation to the size of individual bar width in the grating.
If this is not the case, the weaving of size and spatial
frequency interaction models resumes.
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APPENDIX A: Terms describing a grating
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APPENDIX A
The following definitions are necessary to completely de-
scribe a grating:
The spatial frequency of a grating can be expressed in
terms of the number of cycles of change in luminance per unit
distance. In the case of the human optical system, the unit
of distance is taken to be degree of visual angle. Thus, a
high frequency grating would contain many cycles per degree
(c/d) and looks like many narrow alternating bright and dark
bars. A low frequency grating might contain just a few wide
bright and dark bars.
Spatial period = 1/spatial frequency. Therefore, the
spatial period is the visual angle subtended by a single
cycle of change in luminance of the grating. Likewise, 1/2
period would be the visual angle subtended by a single bar,
bright or dark.
I max = luminance of the brightest part of the grating
I min = luminance of the dimmest part of the grating
I max + I min
Average Luminance = 2
I max - I min
Contrast = I max + I min
Harmonics = multiples of the fundamental frequency com-
ponent in stimuli other than a sine wave
Octave = One octave is a change in frequency by a
factor
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of two.
Duty Cycle = the percent of the distance subtended by
luminance above the average luminance, within a single cycle
of change in the luminance distribution. If the bright and
dark bars in a grating are of equal widths, the grating has
a 50% duty cycle. If the bright bars are wider than the dark
bars, the duty cycle is greater than 50%.

